This paper deals with development and application of the new regression equation for the bow freeboard which consists of the various parameters indicating the ship's principal particulars and the hull form features. The response characteristics of relative bow motion are first obtained for 67 existing ships in regular waves based on the strip theory. Using these response characteristics of 67 existing ships, a regression equation is introduced to express the magnitude of the relative bow motion in irregular waves. By using the regression equation, the relation between bow freeboard and deck wetness probability can be easily derived under any given sea conditions. This method is used for assessment of the current formula of the 1966 Load Line Convention and the Chinese formula which is recently proposed at SLF/IMO. Finally we discuss the future works necessary for the revision work of the convention.
Introduction
The bow freeboard is one of the most important factors from a view point of a safety of ship. The 1966 Load Line Convention (ICLL 66) has functioned for the world maritime community over the past 25 years as the level of safety for monohull displacement ships, as it has been evaluated the basic freeboards for vessels over 100 m in length'. However, it has some problems such that it is not based on the seakeeping theory, and it does not contain the various parameters indicating the ship's principal particulars and hull form features but only the length of ship and the block coefficient. It has been, therefore, confirmed that the current formula is different from the method of ship design based on the modern seakeeping theory. In recent years, the development in modern seakeeping theory has enabled to assign the bow freeboard through the direct calculation or the model experiments under the progress in marine engineering. This is the reason why the SLF Sub-Committee is now discussing the possible revision of ICLL 662).
A great number of studies on the ship motion theory have been carried out in Japan. As the pioneering research for the deck wetness, Fukuda3) has proposed a method of the short and long-term predictions on deck wetness, and shown the examples of its application to the various kinds of cargo ship forms. Takaishi et all) have confirmed the validity of the strip theory for relative motion by the model experiments. The 71 Regulation Research Committee of the Shipbuilding Research Association of Japan° has been investigating the formula for the bow freeboard height based on the seakeeping theory in order to respond to the revision work of ICLL 66 at the SLF Sub-Committee°. This paper deals with the development and the application of this new regression equation for the bow freeboard which contains the various parameters indicating the effect of ship's principal particulars and the hull form features. The response characteristics are first obtained for the relative bow motion of 67 existing ships in regular waves based on the strip theory. Using the response characteristics, a regression equation is introduced to express the magnitude of the relative bow motion in irregular waves by the simple formula. Next the heights of the bow freeboard evaluated by the present method are compared to those of ICLL 66 and the Chinese formula. Finally we discuss the future works which are necessary for the revision work at SLF.
Short Term Prediction of Relative Bow Motion

1 Ships and Calculation Conditions
The 67 existing ships of different types with ship lengths from 24 to 313 m are used to estimate the effects of ship hull forms on the relative bow motions by the calculations.
When a ship is operating in long crested irregular head waves, the variance of vertical bow motions rela- Fig. 1 show the non-dimensional significant values of the relative bow motions for four kinds of Froude numbers of four ships with length of about 50, 100, 200 , 300 m which are picked out arbitrarily from 67 ships. The abscissa is the mean wave period of irregular waves. It is shown from this figure that every relative bow motion has a maximum value at the mean wave period which corresponds to the wave with the same length to ship length irrespective of the ship speed. Namely it means that the relative bow motion becomes most dangerous to the deck wetness at this mean wave period on the assumption of a constant wave height. If we can determine the height of bow freeboard to be larger than the maximum relative bow motion in this situation, the ship may operate safely at any sea condi- Fig. 1 It is obvious from ( 5 ) that the height of bow freeboard f is proportional to the critical wave height Hp with expected probability P. Therefore, if we only evaluate the non-dimensional amplitude of relative bow motion 11/3, we can easily estimate the height of bow freeboard f by multiplying the non-dimensional amplitude of relative bow motion 1;13 and the critical wave height Hp with the expected probability P of the sea region where the ship is going to operate. The above expression seems to be very convenient method for improving the ship hull performance in an initial design stage, because the effect of ship hull forms on the seakeeping performances is represented quantitatively by using this expression which includes explicitly several parameters indicating the ship's principal particulars and the hull form features. In addition, the recent study") by the tank tests has confirmed that the above method is useful for reducing the added wave resistance of middle-size bulk carriers.
2 Relative Bow Motions in Irregular Waves
The regression equation ( 8 ) , however, does not include the effect of ship length on the responses, because the ship length L is normalized by the breadth B and the draught d of ship. We have, therefore, studied the regression expressions to contain explicitly the effect of the length L, the breadth B and the draught d. The height of bow freeboard f can be evaluated by multiplying the non-dimensional amplitude of relative bow motion Y1/3 and the critical wave height Hp with the expected probability P as shown in ( 5 ). Accordingly we have tried to express the non-dimensional amplitude of relative bow motion Y1/3 with the ship's principal particulars and the hull form features by changing the underlined part of equation ( 8 ) Substituting the non-dimensional amplitudes of relative bow motion of 67 ships to (9.D), we get the coefficients of the regression equation as shown in Table- Table- The circle is the values obtained by applying the results of Fn =0, P=30% to the wave conditions of equation (11). The values with circles almost agree with the results of ICLL 66. According to the latest wave statistics12), the relationship between the wave height and the wave length of equation (11) corresponds to the upper bound of occurrences of wave height with the short wave length bellow 150 m as shown in Table- 5. As the result of the above consideration, we can make clear the quantitative feature of ICLL 66 formula.
In addition to that, we have gotten the wave conditions of H113=7 and 4 m with forward speed which are proposed by IMO/SLF11) as follows : (12) here, of ship speed of ship speed The heights of bow freeboard estimated under the wave conditions of H113 =10 m are shown in Fig. 6 for the parameters of deck wetness probability.
Comparison of Chinese Formula
China has proposed the formula of minimum bow height at the 37th SLF Sub-Committee as shown in Appendix B6).
The results calculated by the Chinese formula for our 67 ships are shown with the solid circles in Fig. 6 tion can be easily apply to any sea area to estimate the necessary bow freeboard height as the function of the probability of deck wetness. 6. 2 Future Work The probability of the deck wetness and the increment of apparent slip ratio have been the important criteria with which the captain determines to reduce the ship speed and/or to change her course for safe navigation'''. The height of bow freeboard is, therefre, important. We have estimated the height of bow freeboard of the deck wetness probability P=5, 10, 20, 30, 40, 50% under the significant wave height H113 this time, but we have not considered which probability of shipping water is allowable.
According to the existing studies, the U. S. A. has indicated that the deck wetness in head seas (H113=10 m) to be about 100 green water deck loads of greater than 1 m at the bow per hour for range of ships between 100 and 180 m in length. The other studies have recommended 10 deck wetnesses per hour'')'"). Furthermore the captain has used 6 deck wetnesses per hour as the criterion to decrease the ship speed in rough seas'''. Assuming the mean period of the vertical bow motion is 10 sec., the probability of the deck wetness corresponds to P =27 .8% for the former case, P=2.8% for the latter case and P=1.7% for the captain. We have to keep the study to make clear which probability is the best situation both for the safe navigation and the safety of ship structure.
In the SLF Sub-Committee's study, the significant wave height of H1 /3 = 10 m is assumed for evaluating the height of bow freeboard".
However, this value corresponds to the sea state of Beaufort scale 10 which is a very severe condition as shown in Table- No. 169, (1989 ), No. 175R, (1990 ), No. 183R, (1991 ) , No. 190R, (1992 , No . 200R, (1993 
